The earliest experiments on this subject were carried out by Newton, who came to the conclusion that the gravitational accelerations of gold, silver, lead, glass, sand, common salt, wood, water and wheat were equal to within one part in a thousand. In 1827, similar experiments were carried out by Bessel.f His method was to suspend his pendulum bob from two threads of different length and to measure the period in each case by comparison with a standard clock. The difference in length of the two threads being known, Bessel was able to calculate the length of the " simple pendulum which beats a second." His experiments were carried out with great care, and Bessel came to the conclusion that, with one possible exception-the case of water-the gravita tional acceleration was the same for all substances which he tried to one part in 60,000.
have an explanation of the constancy of the ratio of mass to weight for various substances, in so far as we are dealing in all cases with one substance-hydrogen. It is most probable, at any rate, that we have not more than two fundamental positive ions-the nuclei of hydrogen and helium. This view has been greatly strengthened in recent years by the positive-ray researches of F. W. Aston. The close approximation of the atomic weights to whole numbers has been noted by many writers, but the work of Aston has made this point much more noteworthy, inasmuch as he has shown that in those cases where the atomic weights are not whole numbers, the discrepancies are explained by the presence of isotopes, each of the isotopes having an integer atomic weight. This certainly suggests that the elements are built up of a fundamental unit or units.
Prof. Richardson suggests that there may be a slight difference in the gravitational constants of the helium and the hydrogen nuclei, the reason why no such difference has ever been found lying in the fact that nearly all the substances for which " g " has been measured have been substances which might reasonably be expected to consist almost entirely of helium. The substances whose atomic weights are divisible by four might be considered to be entirely of helium, whereas in other substances the remainder must be attributed to hydrogen.
The possible constitution of the substances tried by Bessel is given below.
Proportionality o f Mass and Weight. Thus, of these substances, water is the only one with any appreciable hydrogen content, and water is the substance for which Bessel obtained an anomalous result.
Considering its enormous importance, very little work has been done on this subject since the time of Bessel, so that it appeared desirable that more evidence on these points should be obtained. The advent of the general theory of Relativity made this demand more imperative, as the whole theory is based on the assumption that the gravitational constant is the same for all bodies. (The principle of equivalence affirms the equality of the gravitational and inertial masses.) Some experiments on this subject were started in 1914 by Mr. R. C. Richards, under the direction of Prof. Richardson, but were abandoned during the war and an entirely fresh start was made in December, 1919 . The object of these experiments has not been to obtain greater accuracy than has been obtained hitherto, but to repeat some of the experiments of Bessel, directing special attention to substances having a large hydrogen content. The substances especially favourable to this experiment are ammonium fluoride and paraffin wax, which adopting the arguments used above contain respectively 25 per cent, and 15 per cent, by weight of hydrogen.
Description of Apparatus.
The method used in these experiments was very similar to that adopted by Bessel, except that some simplifications have been introduced on account of the fact that no attempt has been made to measure the absolute value of the gravitational accelerations, a comparison only of the accelerations being attempted. The principle of the experiment has been to compare the period of the experimental pendulum with that of a standard invar pendulum, by means of the method of coincidences.
The experimental pendulum consisted of an agate knife-edge with brass mountings, a fine steel suspension wire and a hollow cylindrical bob which could hold in turn the various substances to be tested.
Knife-Edge Mountings.
The knife and its mountings are shown in figs. 1 and 2.
A solid brass cylinder 2 cms. in length and 1 cm. diameter was drilled perpendicular to its Two types of bob have been u sed : th at used in all the earlier experiments was made by the Cambridge and Paul Scientific Instrument Co. and is shown in fig. 3 . It consisted essentially of a hollow brass cylinder with screw-on ends, made as shown, to leave the vessel perfectly cylindrical inside and out. Two adapters screwed into the centres of the two ends, the one carried the suspension wire and the other a thin steel rod terminating in a small steel ball, the use of which will be explained later. The whole was made with great care, the screws being made fairly loose, and all the surfaces of contact between Proportionality of Mass and Weight. f g 3 the various parts being worked very carefully, so that once the cylinder was taken apart each part would go back again exactly as it was before. The adapters were interchangeable so that the cylinder could be inverted. This is a very essential point, as in filling the cylinder with the various substances under investigation, it was never possible to make the centre of gravity coincide with the centre of figure of the cylinder. By making two observations, the one with the cylinde rone way up and the other with it inverted, it was possible to eliminate this effect.
The type of cylinder shown in fig. 3 was used in all preliminary experiments, but the cylinder was rather heavy, and this became a very serious factor when experimenting on substances such as ammonium fluoride, which have low densities. The screw-on ends had, therefore, to be discarded, owing to the mechanical difficulties involved in turning an accurate screw on a cylinder of 5 cms. diameter, of sufficiently thin material to cause any appreciable Some Experiments on the a % 5 -s reduction in the weight of the containing vessel. This difficulty was eventually overcome by the use of the type of cylinder shown in fig. 4 . The ends were made perfectly flat and each end was fixed to the side by four small screws .in the manner shown, the surfaces of contact being ground with great care. Adapters were used as before, but as the ends were only 1 mm. thick, a thicker ring was left at the centre to receive the female screw of the adapter. Two cylinders of this type were used, the first being made entirely of brass, and the second being made with brass ends and adapters but with duralumin sides. In the case of the second cylinder the weight was only 90 gms., and owing to the rapid damping of so light a pendulum it was thought inadvisable to reduce the weight any further. Both cylinders were made by Messrs. Adam Hilger, and so accurately were they worked that they could be taken apart and re-assembled without causing any alteration in the distance between the ends of the adapters of more than 1/200 mm. After some little use, this accuracy was somewhat impaired, but errors due to this cause were never serious and a correction for such errors could be applied in a manner to be described later on.
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Mounting of Pendulum.
The mounting of the experimental pendulum is shown in fig. 5 . An invar bar (a) (a) (a) 5 cms. wide, 1 cm. thick, and 3 metres long was rigidly bolted to a castiron T-piece ( b)which was cemented into the w about 5 ins. Two cast-iron boxes (c) (c) are shown in further detail in fig. 6 . The bar passed through these boxes and was held firmly by steel springs (/) (/) which forced it back on to the points of three adjusting screws ( h) (A), fig. 6 . The boxes were also fitted on either side with an adjusting screw (A), fig. 6 , which could be used to lightly clamp the bar from the side. The pendulum could be supported from either of two plates ( d) (d), fig. 5 , which were firmly bolted to the invar bar. These plates were carefully ground on their upper face and the agate knife-edge rested directly on the ground surface, the suspension wire passing through a slot' cut in the plate ( fig. 7 ).
Proportionality of Mass and Weight.
Micrometer Measurements.
A Starratt straight micrometer (e), fig. 5 , with the end highly polished, optically plane and perpendicularjjto the axis of the micrometer to within 1 min. of arc, was fixed at the lower end of the invar bar. This polishing was under taken by Messrs. Hilger and the question of perpendicularity was tested by a back reflection method to be described later.
The object of the micrometer was to measure any changes in length of the pendulum , which was so placed on the supports that the steel ball (figs. 3 and 4) hung just above the centre of the polished surface. The contact between the ball and its image in the polished surface was observed under a high-power microscope. The micrometer reading was then taken and so any accidental changes in the length of the pendidum could be detected. This method, which was tested against an electrical one, was found to be most satisfactory, it being possible to read to 1/20,000-in., which was the limit of accuracy of the micrometer. When the pendulum was suspended from the lower of the two plates ( d ) ( d ) , fig. 5 , the length was 30 ins., so that a change in length of one part in 600,000 could be detected. A sufficiently accurate micrometer in the metric system was unobtainable.
Standard Pendulum.
The standard pendulum was very similar to the " experimental," but the fine steel suspension wire was replaced by an invar rod |-inch diameter, thus making the pendulum rigid. The bob was of brass, the same size as the bob of the " experimental " pendulum, and the invar rod was secured at the middle of the bob in the manner shown in fig. 8 , so that there was no change in length of the standard pendulum due to expansion of the brass. The standard pendulum had an agate knife-edge and was suspended from a plate similar to that shown in fig. 7 , the plate being bolted to an iron girder which was cemented into the wall for some 8 inches.
Southerns* mentions a peculiar effect obtained with invar pendulums, but no such effect has been observed in these experiments, probably owing to the fact that no accurate observations were made until the standard pendulum had been in use for some months, and because only on very rare occasions was .there any necessity to move the pendulum on its supports.
The experiments were carried out in the corner of a room in the basement of King's College. The standard pendulum was 6 feet in front of the " experi mental," and the girders which carried the two pendulums were in different walls, although each was in a main wall of the building.
Both pendulums were entirely cased in, to prevent any trouble arising from air currents. The cases were provided with suitable doors and windows. The microscope passed through a hole in the side of the case of the " experi mental " pendulum, and could be withdrawn after the micrometer reading had been taken, so that it did not interfere with the oscillations of the pendulum. The case of the " experimental " pendulum finished on a level with the brass bracket ( g) , fig. 5 , which secured the micrometer to the invar bar. Consequently the scale of the micrometer was outside the case and readings could therefore be made quite easily.
Arrangements for Measuring Period.
When the " experimental " pendulum was suspended from the lower plate it had very nearly the same period as the standard, but when suspended from the upper plate-the position of the bob remaining the same but the length of the suspension wire being altered-it performed two oscillations to three performed by standard. It is not really necessary, however, in a purely comparative experiment to use two pendulums in the way adopted by Bessel, and the long pendulum was set up merely as a check on the short one. All the results given below refer to the short pendulum, but in a more detailed account of this work which may be found in the Archives of the Royal Society the writer has discussed in detail how, by an extension of the method described below, the periods of two pendulums which are nearly in the ratio of 2 to 3 may be accurately compared.
The period of the " experimental " pendulum has been compared with th a t of the standard by the method of coincidences. The coincidences have been observed by a method very similar to th at adopted by Bessel, but his " cylindre de coincidences " has been replaced by a vane and slit, the vanes being in the plane of oscillation and near the bottom end of the suspension wire. A beam of light was focussed on the slit of the experimental pendulum and an image of this slit was formed on the slit of the standard pendulum. The beam which emerged from the second slit was received in a telescope placed some 6 feet in front of the standard pendulum. The optical system is shown in fig. 9 . s2 are the vanes and slits of the two pendulums ; B a slit illuminated by a source A, Lj L2 L3 are lenses, s s two stops, M a plane metal mirror and T the telescope. The case of the " experimental " pendulum is shown by the dotted lines ccc.
The mirror M was supported by the invar bar, and serves to turn the beam through a right-angle. This is necessary, as the source and slit could not be placed in the case, partly from lack of room, and partly because of the heat which would be generated. The slit sx was at the focus of an achromatic lens L2 and the slit s2 was at the focus of another achromatic lens L3. slits sx s2 were 1/10 mm. wide, so that in order to get a bright image of s2 in the telescope it was necessary to obtain sharp focussing and consequently to use good lenses.
The adjustments were made when the pendulums were at rest, and when the pendulums were in motion flashes could be seen in the telescope only when the two pendulums passed through the positions of rest at the same instant. This occurred when the pendulums were in the same phase and when the phases Some Experiments on the were exactly opposite, and observations were made in both cases. In dealing with the short pendulum (approximately same period as standard) more than one flash could be seen at each coincidence, but very satisfactory results were obtained by taking the mean time between the first and last flash as the time at which the coincidence occurred.
Calculation of Period.
Let Tx = period of experimental pendulum T2 = period of standard t == period of coincidence (i.e. time taken for pendulums which are in phase to get out of phase and back again).
Then if Tj > T2
T 1 = T , ( i + ^ + S l, + ...) .
In practice t = 2000 seconds approx. T2 = 1 * 77 seconds approx.
In order to express as T2 / (x), it is necessary to know T2 fairly accurately. T2 was measured by comparison of the standard pendulum with a standard clock. The period of coincidence wras about 15 seconds, but by taking the time required for 100 coincidences a fairly accurate value of T2 was obtained ; it was found to be 1-7703 seconds.
Thus 1-7703
Preliminary Experiments. The first step in starting these experiments was to obtain a pendulum which under given conditions would always oscillate with the same period. This and the accurate measurement of the period have been all along the most difficult part of the experiment.
Progress was delayed for some time by the peculiar effect which varying amplitude had upon the period of coincidence. Suppose that the standard and experimental pendulums have equal damping coefficients and that the temperature and pressure remain constant throughout the experiment. Then if the pendulums were started at the same time with equal amplitudes their amplitudes would remain equal, and plotting " period of coincidence " against amplitude a straight line fig. 10 ( a )w ould be obtaine the one pendulum was kept with a constant small amplitude while the other pendulum had an amplitude which varied from a large value at the beginning of the experimental to a negligibly small one at the end. Then plotting the amplitude of the latter and the period of coincidence, one of the curves bx should be obtained, bx if the quicker pendulum has the constant small amplitu or b2 for the reverse case. In practice the curve (a) was obtainable, but instead of bx and b2, curves similar to cx c2 were obtained. Thus the amplitude of the pendulums seemed to affect the period to a greater degree than would be expected from theoretical considerations, and, moreover, there was always a residual effect even after the amplitudes had become vanishingly small.
The experiments were carried out with steel knife-edges on a steel plate. The effect appeared to be traceable to the knife-edge, so other methods of suspensions were tried, including strip suspension-the metal strip being clamped in a vice at the top-and the two-point suspension. The strip suspension gave results similar to the knife-edge suspension, whereas other forms of suspension only led to other troubles. The effect was finally got rid of by using knife-edges of agate and steel plates which had been ground to an accuracy of 1/20,000 inch. In previous experiments, the knife-edgesand plates had been ground with less care and the effect was evidently due to inequalities in either the knife-edges or the plates. In the case of the strip suspension the effect was probably due to a change in the effective point of suspension as the amplitude decreased.
Actual curves showing the effect are shown in graphs 1, 2 and 3. The period of coincidence is plotted as ordinate and the time as abscissae. The actual shape of the curves depends on the initial amplitudes and the rate of damping, but they should all be asymptotic to one line. Graph 1 is for ordinary hand-sharpened VOL. c iv .-a .
knife-edges ; graph 2 shows curves taken with knife-edges and plates ground to an accuracy of 1/2000 inch, and graph 3 curves taken with agate knife-edges and steel plates each ground to 1 /20,000 inch. It will be seen that in graph 3 the curves are all very nearly asymptotic to one line. After grinding to this degree of accuracy the period could be measured to about 1 part in 400,000, and under the same conditions the same value of the period was always found.
Cjrapk 3 / / -O
Levelling the Supports.
Having obtained a sufficiently accurate method of determining the period, the apparatus was set up in its permanent form. The chief problem in this work was to get the plates ( d) (d), fig. 5 , and the polished surface of the microm horizontal. This was accomplished by a back-reflection method using an auto-collimating telescope. In the case of the micrometer the whole was immersed in oil, and the images reflected from the polished end of the micro meter and the oil surfaces brought together in the field of view of the auto collimator. In the case of the plates a trough of oil was placed under the plate and close to it, the reflected image being viewed through the slot in the plate. By placing the telescope half over the slot and half over the polished surface both images could be obtained in the field of view. In the case of both plates and micrometer, rough adjustments were made by using washers under the bolts which secured. the plates and micrometer to the invar bar. Fine adjustments were made by means of the screws in the boxes (c) (c), fig. 5 . The screws could be made to impart a slight curvature to the invar bar and so to alter the inclination of the plates. In applying this method it was necessary to level the micrometer, then to level the plate, then the micrometer again, and so on, because in levelling the plate the level of the micrometer surface would be disturbed and vice versa. By this method the plates could be levelled to at least \m in. of arc. The same method could be applied to tell if the polished surface of the micrometer was perpendicular to the axis. Having once levelled the micro meter surface, all that was necessary was to turn the micrometer and see if the image in the telescope moved.
A high accuracy in the levelling of the plates is required, as otherwise the micrometer readings would depend on the position of the pendulum on the supports. This point was tested by moving the pendulum on its support by the maximum amount permitted by the size of the polished micrometer surface, i.e., all positions for which the steel ball was above any portion of the polished surface. The micrometer reading was found to be absolutely independent of the position of the pendulum. The point was tested again at the end of the series of experiments and was found still to hold good.
Corrections to be applied.
In carrying out an observation it is necessary to know :-1. Period of coincidence. 2. Approximate period of standard. 3. Dimensions of various parts of apparatus. 4. Weights of various parts of " experimental " pendulum and the total weight of standard. 5. The micrometer readings for each experiment and the temperature at which they were taken. 6. The amplitudes of both pendulums. 7. The temperature and pressure during the experiment.
The measurements of the period of coincidence and the period of the standard have already been discussed.
The dimensions of the apparatus were obtained with a micrometer or a reading microscope, and the weights of the various parts were obtained to 0*0005 grm. on an accurate balance.
The temperature of the experimental pendulum was given by two thermo meters placed inside the case, and th at of the standard was given by one thermometer.
Owing to the low values of the coefficient of expansion of steel and invar-especially the latter-a very accurate knowledge of the temperature was unnecessary. The temperature of the room which was underground was surprisingly constant and could be regulated by means of an electric stove. The pressure was given by a Fortin's barometer.
The amplitudes were given by a mirror scale placed just behind each pendulum and just above the top of the bob, the distance of each scale from the point of suspension of the pendulum being known.
The corrections which have to be made are as follows :-L Reduction to Simple Pendulum. 2. Amplitude. 3. Buoyancy-including temperature and pressure corrections. 4. Effect of damping on period. 5. Changes in total length-indicated by micrometer. 6. Non-rigidity of connections between bob and suspension wire and between suspension wire and mountings of the knife-edges.
1.
If the various parts of the pendulum have masses m2, etc., and are at distance sxs2 from the point of suspension, and have moments of inertia about their centres of gravity equal to mx kx 2, m2 A *.,2 then the period of T x of the pendulum will be given by If all the mass had been concentrated at the centre of gravity at a distance l from the point of suspension the period would have been Hence, the reduction to simple pendulum was given by multiplying the observed period by Most of the mass being concentrated near the centre of gravity, sx could be expressed as sx = llx, where lx was a small distance which could with a micrometer or reading microscope.
The correction involves a knowledge of l, but as the period is affected by this correction by less than one part in 1,000, it was not necessary to know l to an accuracy of more than a millimetre. To this degree of accuracy l could be determined either by direct measurement or could be calculated from a knowledge of the period of the pendulum and the approximate value of g.
For most of the parts of the pendulum (or lx) and kx coxdd be determined by direct measurement, but in the case of the knife-edge and mountings it had to be determined experimentally.
The period of the agate knife and mountings when sw ing in g about the knife-edge was first measured. A thin straight rod was then inserted in the hole c ( fig. 2) , and the period again measured. From a knowledge of the two periods, the weights of the rod and the knife and mountings, and the dimensions and position of the rod, both the s and k corresponding to the knife and its mountings could be calculated.
2. Let Tx, T2, t be the periods of the two pendulums and the period of coincidence for infinitely small amplitudes, T x', T2' and t' the corresponding quantities for finite amplitudes. Bessel's method of determining (3 was to make observations with two pendulums of indentical outward form but of different densities, and to calculatethe value of (J from the two sets of readings. Bessel gave the value ^ = 1 * 75. By swinging pendulums in air and in vacuo F. Baily* = 1-86. Using pendulums of the same form as those of Bessel and Baily the writer has by Bessel's method obtained the value (3 = 1 -8 4 . The buoyancy correction has also to be considered for the standard pendulum.
4. If T be the period for undamped motion and T' the period when the damping factor is k
where l and g have the usual significance. If t be the time taken to reduce the amplitude by one half /, = log« 2 t
For the smallest value of t obtained Jc was not greater than 1/1000, so that the effect of damping on the period was negligible. 5. In all these experiments the period of the pendulum with brass in the bob was taken as standard, other results being compared with that for brass. Suppose that with a certain brass cylinder inside the bob the micrometer reading was m inches, and with say ammonium fluoride it was l inches, the pendulum being longer in the second case. If L cms. be the length of the equivalent simple pendulum (this can be taken as the same in the two cases) the period in the case of ammonium fluoride must be multiplied by
Again an accurate knowledge of L is unnecessary, assuming, of course, that ( l -m) is very small. The chief causes of change in length are temperature and different loading of the wire, but two other causes might give rise to differences in the micrometer readings. The first is changes in length of the suspension wire due to accidental strain, but this does not appear to have caused much trouble, and a more important effect was that due to inaccuracies of the cylinder. Suppose that when one experiment was made the overall length of the cylinder was a cms., but that in a second experiment the length was b cms. Then the micrometer * Baily, ' Phil. Trans.' (1832). Some Experiments on the reading would be effected by an amount = cms. When, however, it is considered that observations were made with the cylinder one way up and then with it inverted, and that nearly all the mass was concentrated in the cylinder, it will be seen that the effective change in length of the pendulum (as shown by change of the period) would be only \ (a -b) cms.
In graph 4 some observations of the changes in length of the wire with
Micrometer Headings fltts.) *11200
• It 400 * HBOO *Jf&00 0/2OOO */2200 */Q4oO *12000 different loads are plotted. The ordinates represent load and the abscissae micrometer readings in inches. The points lie approximately on a straight line, any deviations from the straight line being attributable, presumably, to changes in length of the cylinder. Corrections were made accordingly along the lines indicated above. Another effect which alters the apparent length was found in the fact that the two faces of the embossed ends of the cylinder against which the adapters fitted were not perfectly parallel. This caused the rod which carried the steel ball to be inclined at a different angle to the vertical for the erect and inverted positions of the cylinder. The effect, however, was small, and obviously eliminates itself automatically in a comparative experiment.
6.
'The necessity for this correction was pointed out by Laplace, who showed that the bob and wire could not move as one piece, since the bob acquires and loses angular momentum about its centre of gravity, which could not be accounted for by forces which always passed through the centre of gravity. In reality, the bob turns through a slightly greater angle than the wire. The effect is easily calculable using Lagrange's equations.
Suppose a cylinder of height 2 bt o be suspended from a we of length a.Let the radius of gyration of the cylinder about its centre of gravity be K. Then by application of Lagrange's equations
where n = 27i/T, T being the period of the pendulum. This gives £ ft2 4ohK2 yi (62 + K 2 + ah)/_ * The negative sign before the square-root represents a very rapid oscillation which would quickly die out. I t can easily be observed when the pendulum is first started, but observations were never made until the pendulum had been swinging for some 20 minutes, and by that time the rapid oscillation had always died out. The effect was less if the pendulum was started by hand than if mechanical methods were used, and consequently the former method was preferred.
Neglecting this negative sign, the expression for 2 becomes
The last term is negligible and the whole expression is the same as that obtained by Bessel by another method. For the rigid pendulum^5
Thus, to correct for non-rigidity of this connection, the observed period should be multiplied by 1 --^ -5 K being small compar
The correction for non-rigidity of connection between the suspension-wire and the knife mountings can be calculated in a similar manner, but appeared to be quite negligible in these experiments. Some Experiments on the Kesults.
The first actual measurements were for the determination of the damping factor 6 ; having determined this it was possible to proceed with the comparison of gravitational accelerations of various bodies.
The substances under test were, in the case of metals and mahogany, turned into cylinders which fitted accurately into the hollow cylindrical bob. The body was clamped in position by a side screw shown in figs. 3 and 4. In the case of ammonium fluoride and paraffin wax, special methods of filling are discussed below.
Lead and Steel.
Experiments with lead and steel were carried out with the Cambridge and Paul Cylinder. The lead pendulum was found to have a period of 25 parts in 10,000,000 greater than a pendulum containing brass which was used for comparison. This represents a difference of five parts in a million in the gravitational accelerations, and as only 4/7 of the entire weight was lead (the remainder was composed chiefly of the brass bob), the experiment shows th at the gravitational acceleration of brass is not greater than that of lead by more than one part in 120,000. This represents a difference which is certainly not greater than the experimental error.
The experiments with steel gave a gravitational acceleration for steel less than that for brass of one part in 50,000. This is the least satisfactory of any of the results obtained and is probably due to' the magnetic properties of steel.
The experiments on lead and steel (both substances had been tested by Bessel) served merely as a test of the accuracy of which the method was capable. They were followed by some experiments on ammonium fluoride and paraffin wax, but the experiments with these substances were of com paratively little value owing to the fact that the weights of fluoride and wax which could be put inside the Cambridge and Paul Brass Cylinder were small in comparison with the weight of the container.
Ammonium Fluoride.
The first series of experiments with the Hilger Brass Cylinder was the comparison of the gravitational accelerations of brass and ammonium fluoride. In order to prevent corrosion by the fluoride the cylinder was gilded inside and out.
The experiments with fluoride were troublesome on account of the difficulty of filling the cylinder and keeping it full. The filling was done very slowly, each little bit being well pounded i n ; when the cylinder was full the end was carefully slid on and screwed down. It is not necessary th at the cylinder be absolutely full as long as the substance inside does not move about. Here, however, the difficulty arose. After having been pounded in, the fluoride seemed to cement itself together (continual weighing, however, showed that this was not accompanied by loss of weight), and to shrink considerably, becoming quite loose inside the cylinder. The only way in which it was found possible to fill the cylinder was first to well pound in some fluoride until the cylinder was full, then to close the cylinder and let it stand for a couple of days. The cylinder was then opened, the fluoride re-pounded and more fluoride added to make up for the shrinkage. This process was continued several times until finally a hard mass of fluoride which remained stationary in the cylinder was obtained. The constancy of the period of the pendulum was itself a very delicate test of the adhesion of the fluoride. The gravitational acceleration of ammonium fluoride was found to be five parts in 1,000,000 greater than that of brass-a variation well within the limits of experimental error.
Bismuth.
After the experiments on ammonium fluoride it was necessary to take the whole pendulum to pieces in order to give it a thorough clean up. As it was impossible to put the adapters on to the wires in exactly the same position as before, it was necessary to make a further determination of the period of the pendulum with brass in the cylinder.
This was followed by some experiments on bismuth. C. F. Brush* has claimed to have established by several methods a difference in the gravitational constants of zinc and bismuth. This he suggests is due to the diamagnetic properties of bismuth, and claims that his results gave support to a kinetic theory of gravitation which he had developed.'!'
A sample of bismuth which had been moulded and carefully lathe-turned into a cylinder was tried in the pendulum. The difference in the measured gravitational accelerations of brass and bismuth lay well within experimental error.J 
Paraffin Wax.
The next substance tested was paraffin wax. The filling of the pendulum bob with paraffin wax was a process requiring considerable care. After removing one end of the hollow cylinder a little liquid wax was poured in, and this was made to solidify from the bottom by keeping the top surface warm by the help of a tiny flame. In this way the cylinder was filled by adding small quantities of wax and allowing each bit to solidify before adding more. When the cylinder was quite full and the wax solid, but still warm, the top of the wax was made to come flush with the top of the cylinder by cutting it with a very sharp knife. Subsequent cooling made the wax contract and sink about 0 • 25 mm. below the top of the cylinder, so that the top could be put on without interference from the wax. The acceleration of paraffin wax wras equal to th at of brass to within the limits of experimental error.
Aluminium.
The next and last experiment of this series was carried out with duralumin (95 per cent, aluminium).
Again the results were the same as those for brass.
Since these experiments were completed more details of Brush's experi ments have been published.* In this paper he claims to have found great differences between the constants of gravitational attraction for various substances. These experiments were carried out with a modification of the Boy's Balance, and some of the experiments were supported by pendulum observations made by Brush. Brush does not appear to have compared bismuth and aluminium directly by means of the pendulum, but with the gravity balance he claims to have shown th at the constant of gravitational attraction is about 100 per cent, more for aluminium than for bismuth. Accepting Brush's kinetic theory of gravitation it is not necessary to assume that because the gravitational constants of these bodies were vastly different, their accelerations in the earth's gravitational field would be very different, but the differences which Brush obtained in pendulum experiments should have been easily detected in the present experiments.
It is interesting in view of this to see that in the experiments carried out by the writer no difference could be detected between the gravitational accelerations of aluminium and bismuth, the two substances between which Brush found the greatest divergence in the values of the respective constants of gravitational attraction. Brush appears to have ignored the buoyancy correction in his pendulum experiments. Using 1-84 as the buoyancy factor, the correction which he should have applied comes out of the right order to explain his anomalous results.
Paraffin Wax and Mahogany.
After these results using the Hilger brass cylinder were obtained, some further experiments were carried out with paraffin wax in the Hilger duralumin cylinder. These experiments were somewhat more difficult, and perhaps less reliable on account of the rapid damping of so light a cylinder. The experi ments, however, showed no difference greater than th at attributable to experi mental error in the gravitational accelerations of wax and brass.
One series of experiments was also made with mahogany (which also contains hydrogen), but again the same result as with brass was obtained.
